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Large surface area, 3D structured transparent electrodes with effective light man-
agement capability may represent a key component in the development of new genera-
tion optoelectronic and energy harvesting devices. We present an approach to obtain
forest-like nanoporous/hierarchical Al-doped ZnO conducting layers with tunable
transparency and light scattering properties, by means of room temperature Pulsed
Laser Deposition in a mixed Ar:O2 atmosphere. The composition of the background
atmosphere during deposition can be varied to modify stoichiometry-related defects,
and therefore achieve control of electrical and optical properties, while the total back-
ground pressure controls the material morphology at the nano- and mesoscale and
thus the light scattering properties. This approach allows to tune electrical resistivity
over a very wide range (10−1−106 Ω cm), both in the in-plane and cross-plane direc-
tions. Optical transparency and haze can also be tuned by varying the stoichiometry
and thickness of the nano-forests.
2I. INTRODUCTION
Aluminum doped Zinc Oxide (AZO) is an inexpensive and performing transparent con-
ducting material employed in optoelectronic and energy conversion devices as a replacement
for Indium-Tin Oxide, which is widely used yet scarce and expensive [1–3]. For a suit-
able application in latest photovoltaic devices (e.g. organic or hybrid next generation solar
cells) AZO must meet novel requirements which are not limited to optical transparency
and electrical conductivity, but include light scattering, large surface area and compatibility
with flexible polymer substrates (i.e. no deposition or post-deposition treatments at high
temperature) [4–7].
Conventional polycrystalline AZO films to be employed as Transparent Conducting Ox-
ide (TCO) layers can be grown using different techniques (e.g. sputtering, Pulsed Laser
Deposition), even at room temperature, [8–14] and are typically characterized by low elec-
trical resistivities, of the order of 10−4 Ω cm, and an average optical transparency of the
order of 85-90%, but cannot provide effective light management in terms of light diffusion
and trapping.
Conversely, mesoporous/hierarchical structures can be optimized for maximizing light
scattering and diffusion and we have recently demonstrated the synthesis of hierarchically
nanostructured AZO layers resembling a nanotree forest [14] by room temperature Pulsed
Laser Deposition (PLD), performed in the presence of O2 as a background gas at relatively
high pressures, i.e. > 10 Pa. These structures are characterized by optical transmittance
above 85%, with a haze (i.e. scattered to transmitted light intensity ratio) over 80% and
large specific surface area; however, they are also characterized by extremely high in-plane
electrical resistivity (of the order of MΩ cm) [14, 15]. On the contrary, PLD at a lower
oxygen pressure can be used to deposit conventional, ’compact’ polycrystalline AZO layers
with state-of-the-art electrical conductivity.
The different properties of the two types of structures (’compact’ vs ’nanoporous’) are
due both to their different morphology, but also, in the case of PLD synthesis, to their
chemical composition (i.e. oxygen content). In particular, for high oxygen pressure, colli-
sions between the ablated species and the background gas molecules cause the nucleation
of clusters which, reaching the substrate with low kinetic energy [16], give rise to porous,
hierarchically assembled structures resembling a nanoforest [14]. Unlike compact layers ob-
3tained at low pressures, these porous films are not uniformly connected due to their open
morphology, which is detrimental to electrical conduction [15]. Moreover, the influence of
oxygen pressure on the properties of the material is not limited to morphology, since films
grown at different O2 pressures are also different in chemical composition. Although the role
and the importance of stoichiometry and defects in ZnO-based materials (e.g. O vacancies,
O segregation at grain boundaries, complex interplay between O vacancies and extrinsic
dopant atoms) are not trivial and have long been discussed with different interpretations
[17–20] both in terms of electrical and optical properties, it is established that deposition
in O-rich environment is typically detrimental for the electrical transport properties and in
particular for charge carrier concentration.
In this work we develop an approach to uncouple the two above mentioned effects of the
deposition atmposphere, in order to improve the electrical conductivity of strongly light scat-
tering AZO hierarchical porous nanostructures, by combining a low oxygen content which
should be beneficial for electrical properties [21] with an open morphology optimized for
light diffusion [14] and surface area. This approach is based on performing PLD in a mixed
background atmosphere, constituted by an inert gas (Ar) and oxygen. In particular, the
total deposition pressure controls morphology, while variations in the O2 partial pressure
directly influence oxygen content and stoichiometry of the material. We show how, by main-
taining the total deposition pressure constant and varying the partial oxygen pressure, it is
possible to obtain multifunctional structures, i.e. transparent and conducting hierarchically
assembled forest-like films, with a gain in conductivity up to 6 orders of magnitude (with
respect to deposition in pure O2) and significant light scattering properties.
II. EXPERIMENTAL
AZO thin films were deposited on soda-lime glass and Si(100) substrates by PLD at room
temperature. A solid (2%wt.) Al2O3:ZnO target (corresponding to a 3.2% at. Al content)
was ablated by a pulsed UV laser (Nd:YAG 4th harmonic, λ = 266 nm, pulse duration
≈ 6 ns, pulse energy 75 mJ, repetition rate 10 Hz). The target-to-substrate distance was
fixed at 50 mm, with an energy density of about 1 J cm−2. The background atmosphere
was obtained by different combinations of Ar and O2, flowing in the deposition chamber
through mks 2179a mass flow controllers, with a total pressure in the chamber of 100-110
4Pa and an O2 content ranging from 0% to 100%. For most of the investigated samples
deposition time was fixed at about 180 minutes (108000 laser shots) corresponding to a
nominal thickness of about 2 µm; the deposition time was adjusted for deposition of thinner
(about 300 nm) and thicker films when necessary, as discussed in the Results section. Post-
deposition thermal treatments (500 ◦ C, annealing time 1 hour) in vacuum (p < 5 · 10−5 Pa)
or in air at atmospheric pressure were performed for some of the samples in a homemade
furnace and in a Lenton muﬄe furnace, respectively.
In-plane electrical properties were measured in the 2-point (for resistivities of 100 Ω cm
and higher) and 4-point probe (for resistivities up to 100 Ω cm) configurations with a Keith-
ley K2400 Source/Measure Unit as a current generator (from 100 nA to 10 mA), an Agilent
34970A voltage meter and a 0.57 T Ecopia permanent magnet. Due to difficulties in apply-
ing contacts onto the porous surface without damaging the film, the current was injected
from the bottom (i.e. at the substrate/film interface) through evaporated Au contacts.
For cross-plane electrical measurements, AZO layers were deposited on commercially
available conducting ITO substrates (RS = 10 Ω/). The measurements were performed
inside a Dual Beam (FIB-SEM) system using a two-probe setup: one electrode was fixed
on the ITO substrate by silver paste, the second electrode was a tungsten tip mounted on
a piezo nanomanipulator that could be moved around on the AZO film. The electrodes
were connected to a Keithley sourcemeter supplying the bias voltage and measuring the
current down to a sensitivity of 0.01 pA. On each sample, as a first check, an I-V curve was
measured on the ITO substrate, always obtaining the expected low-resistive ohmic behaviour
in agreement with the nominal sheet resistance value of 10 Ω/.
Optical transmittance, haze and absorption spectra were acquired with a UV-vis-NIR
PerkinElmer Lambda 1050 spectrophotometer with a 150 mm diameter integrating sphere.
Scanning Electron Microscope Images were acquired with a Zeiss SUPRA 40 field emission
SEM. X-Ray Diffraction was performed in θ−2θ configuration (Bruker D8 Advance Diffrac-
tometer Cu Kα1, λ = 1.5406 Å). Relative variations in oxygen content were estimated by
spatially resolved X-ray photoemission spectroscopy performed at the ESCA microscopy
beamline of the Elettra Synchrotron facility in Trieste, Italy [22, 23]. The X-ray beam is
focused on the cross-section of the sample to a diameter of about 130 nm using Fresnel zone
plate optics, and the sample can be raster scanned with respect to the microprobe. Pho-
toemission spectra were measured with a 650 eV photon energy with 0.2 eV energy resolution.
5III. RESULTS AND DISCUSSION
A. Morphology and structural properties
Hierarchically assembled AZO layers were obtained at a total deposition pressure of 110
Pa; the pressure range was chosen relying on previous works [14] where oxygen background
pressure and gas flow rate were studied as parameters to obtain hierarchically structured
morphology, with porosity at the mesoscale. Cross-sectional SEM images of the materials
grown at 110 Pa with different oxygen content are shown in Fig.1.
FIG. 1: Top line: cross sectional SEM images of hierarchical AZO layers grown at a
total deposition pressure of 110 Pa, with 2.5% O2 (a), 6% O2 (b), 10% O2 (c) and
100% O2 (d). Bottom line: corresponding top view SEM images.
For the layers shown in Fig.1 (nominal thickness 2 µm) the inert part of the atmosphere
was constituted by argon, and the O2 content was 2.5% (Fig.1a), 6% (Fig.1b), 10%
(Fig.1c) and 100% (pure oxygen, Fig.1d) respectively. Helium was also tested as an
inert gas, however depositions performed in He:O2 atmosphere in a similar pressure range
did not generate hierarchical structures; in fact it is known that usually a much higher
6He pressure is needed to grow nanoporous oxide structures [24], due to the small mass of
He atoms, whose collisions with the ablated species from the target do not allow sufficient
clustering phenomena and kinetic energy decrease, as observed by Geohegan et al. [25].
The images reported in Fig.1 show the change from a more open and disordered porous
morphology towards the gradual arise of a preferential growth direction orthogonal to the
substrate surface, enhancing the hierarchical nature of the material which resembles a nan-
otree forest in the case of pure oxygen (Fig.1d). Regardless of the deposition parameters,
the bottom layer of the film is more compact and uniformly connected; then the structure
of the material evolves moving away from the substrate, becoming more open and porous.
In the film top region the influence of the background deposition atmosphere is more sig-
nificant, and the forest-like morphology clearly appears at high oxygen content. The top
view SEM morphology at the mesoscale does not significantly differ for different
deposition atmospheres.
Structural characterization performed by X-Ray Diffraction (XRD) reveals a nanocrys-
talline structure for all the AZO layers. The most intense reflections of ZnO powders appear
in the diffractograms, as it can be observed in Fig.2; however the peak intensity ratio sug-
gests a slightly preferential orientation along the (002) direction (as already observed in a
more marked way for conventional ’compact’ AZO films [21]). No Zn XRD reflections that
may be related to Zn clustering were observed. The mean size of the crystal domains was
calculated from the width of the (002) peak using Scherrer formula, and the values are re-
ported in Fig.2b. The calculated domain size is of the order of 20 nm for all oxygen partial
pressures, except for the case of pure argon (oxygen-free atmosphere), with a mean domain
size of about 14 nm; this can be interpreted as an indication of the presence of a larger
amount of structural defects (e.g. oxygen vacancies). As anticipated above, the importance
of such defects in ZnO-based materials has widely been discussed, and in our previous works
[14, 21] we identified a significant correlation between electrical properties and pure oxygen
deposition pressure of compact AZO layers grown by PLD at room temperature. Calcula-
tions of the c lattice parameter from Bragg’s formula were also performed, indicating only
small variations from the ZnO reference value of 5.20 Å[2].
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FIG. 2: (a) XRD patterns of porous AZO layers (300 nm thick) grown at 100 Pa with different
oxygen partial pressures. The most intense reflections of ZnO powders are present, with hints of a
preferential orientation in the (002) direction. (b) Mean domain size D, calculated from Scherrer’s
formula on the (002) peak, as a function of oxygen partial pressure.
8B. Chemical composition and stoichiometry
The effects of oxygen partial pressure during deposition on the chemical composition of
AZO layers were qualitatively evaluated by performing cross-sectional X-ray Photoemission
Spectroscopy (XPS), with a ≈ 130 nm focused beam of synchrotron X-ray radiation as an
excitation source, on selected samples. Measurements were performed on layers grown at
a total pressure of 110 Pa, both in pure O2 and in a 6% O2 atmosphere. In particular,
variations in the Zn/O stoichiometry ratio between the samples were estimated by acquiring
single point XPS spectra in different regions of the nanoforest cross-section of very thick
films (thickness > 10 µm), in order to check composition uniformity within each sample.
FIG. 3: XPS Zn 3d (top) and O 1s (bottom) peaks for the AZO layers deposited at 6% and 100%
oxygen content.
Changes in the O/Zn stoichiometry ratio (nO/nZn) between the investigated samples
were estimated by comparing the ratio of the integral intensities of the O 1s and Zn 3d
or Zn 3p photoemission lines, averaged over different points of the cross-section surface, in
AZO samples grown in different conditions; this ratio is proportional to nO/nZn through
the photoionization cross-section and the electron escape depth. The O/Zn intensity ratio
for AZO grown at low (6%) oxygen partial pressure was about 80% of the O/Zn ratio of
9nominally ’stoichiometric’ (100% O2) AZO. This significant variation allows to safely state
that the oxygen partial pressure during deposition directly influences the oxygen content
and the stoichiometry of the material. An analysis of the lineshape of Zn 3d peaks (see
Fig.3) did not reveal significant differences or chemical shifts between the two samples.
Only in the O 1s peak of the sample deposited at 6% oxygen partial pressure a very small
component at about 532 eV, in addition to the main feature at 530 eV, indicates the presence
of a small amount of chemisorbed oxygen [26]. We observe that a quantitative evaluation
of Zn oxidation state is complicated by the complex, composite structure of our samples,
comprising nanocrystalline domains and a large fraction of (disordered) grain boundaries
and surface, due to the porous, nanoparticle-assembled morphology, and also considering
that XPS is sensitive only to the surface (few nm) of the nanoparticles.
C. Optical properties
The investigation of optical transparency and light scattering was carried out by measur-
ing the total and diffuse transmittance for the AZO nanoforest layers. The corresponding
attenuation coefficient α and haze factor were calculated; the α average value in the visible
(400 nm - 700 nm) range is reported in Fig.4.
The values of the attenuation coefficient show a significant decrease as the oxygen partial
pressure is increased; AZO grown in pure Ar is strongly absorbing in the visible range
(α ≈ 2.8 · 104 cm−1) and then the attenuation coefficient decreases by over one order of
magnitude as the oxygen content in the deposition chamber (hence in the film) increases,
down to 1400 cm−1 for a pure O2 deposition atmosphere. The calculated values of α are
compatible also for layers of different thickness. This corresponds to a mean trasnmittance
of the order of 60% for 2 µm thick layers and of 90% for 300 nm thick layers, except for
the case of deposition in pure Ar, for which thick layers are opaque to visible light while
T ≈ 55% for 300 nm layers. This trend in optical transparency could be readily explained by
considering the effects of O vacancies on the available electron states of doped and undoped
ZnO [27], and a similar behaviour was found in our previous works [14, 21] for AZO grown by
PLD in pure O2 at different deposition pressures; oxygen deficiency in AZO creates available
defect states within the energy gap, which allow for optical transitions at energy lower than
the optical gap, i.e. in the visible range.
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FIG. 4: Attenuation coefficient of AZO mesoporous layers as a function of O2 deposition partial
pressure.
The average haze in the visible range (400 nm - 700 nm) is larger than 95% for all de-
position conditions in the case of 2 µm thick films, witnessing the strong light scattering
potential of the mesoporous morphology; this means that virtually all the transmitted pho-
tons are scattered by the hierarchical structures. Haze is quite high also in the case of thinner
films (for instance it is about 40% for a 300 nm thick layer grown at 6% oxygen content).
This means that it is possible to achieve control of light scattering in mesoporous AZO by
varying either the oxygen partial pressure or the film thickness, and it is possible to know
how both parameters influence total transparency (transmittance) by using Lambert-Beer’s
law on the values in fig. 4.
D. Electrical transport properties
The measured in-plane electrical resistivity of hierarchical AZO layers is reported in Fig.5
as a function of O2 partial pressure during deposition (as measured for 2 µm thick films).
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FIG. 5: In-plane electrical resistivity of hierarchical AZO layers as a function of oxygen partial
pressure during deposition. The star represents a film annealed in vacuum.
There is an extremely significant increase in resistivity with increasing oxygen content,
ranging from 0.3-0.4 Ω cm for oxygen-deficient, conducting AZO (O2 partial pressure <
5%) to more than 106 Ω cm for the case of almost insulating layers deposited in pure O2.
Even though, in principle, it is not possible to exclude a small influence of morphology, the
observed trend shows the importance of defects related to oxygen content in determining
the electrical properties of AZO, whose resistivity spans across 7 orders of magnitude as a
result of the variations in the O2 partial pressure during deposition.
To confirm the role of oxygen content, films deposited in pure oxygen were annealed in
vacuum (i.e. a reducing environment) in order to induce O desorption. The effects can be
seen in Fig.5 (point denoted by a star): the resistivity of the vacuum-annealed film reaches
6 Ω cm. Since no significant morphology or crystalline domain size alterations appear
upon annealing (not shown), this confirms the importance of oxygen content in determining
electrical properties. On the contrary, an annealing treatment in air performed on oxygen-
deficient films (i.e. deposited in pure Ar) increases their resistivity over 1 MΩ cm, also in
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this case without significantly altering the morphology.
In addition, cross-plane electrical measurements were performed in the FIB-dual beam
apparatus on selected 2 µm thick AZO layers deposited on ITO substrates. Because of
the porosity of the sample, the approach of the tip onto the AZO film was a critical step,
therefore it was controlled under live SEM imaging in order to obtain similar conditions for
each measurement. After lifting up the probe, a SEM image was taken to measure the tip
contact area. As shown in Fig.6a, the AZO film is flattened under the tip pressure and the
contact area is of the order of 20-30 µm2.
FIG. 6: a) SEM image of the tip contact area after an I-V measurement; b) SEM image of a tip
contact in a square region delimited by a FIB-milled trench.
Our assumption is that conduction occurs mainly along the vertical column defined by
the contact region (basis, measured from the trace left after each measurement) and the film
thickness (height, of the order of 2µm for all the measured layers). To confirm this hypothesis
we did the following experiment. We isolated a 5x5 µm region on the film by Focused Ion
Beam-milling a square trench down to the ITO substrate (Fig.6b) and then compared the
I-V measurements obtained with the tip touching inside and outside the isolated region,
respectively. The two curves had the same trend, current values being 25% lower for the
measurement on the inside. Therefore we can conclude that 75% of the current measured
on the bare film is flowing through the column under the tip contact area.
In Fig.7 the I-V curves measured over the 200 mV bias cycle (0 V→ +0.2 V→ -0.2 V→ 0
V) on three AZO films are shown. The maximum current decreases as oxygen concentration
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FIG. 7: I-V curves of hierarchical AZO layers grown at different Ar:O2 partial pressure ratios.
increases, the measured maximum values being 6 µA, 2 µA and 120 pA for 6%, 10% and
100% oxygen content during deposition, respectively. All curves have a non-linear trend and
show an hysteresis effect that increases with oxygen concentration, especially in the first
part of the cycle. The non-linear trend can be due both to the porous structure of the film,
which offers a random and discontinuous distribution of the conduction paths, and to a non-
ideal contact between the tip and the film that may introduce a Schottky-like barrier. The
hysteresis recalls a capacitive (neighbouring trees charging up) or a memristor-like behavior,
as shown by some metal oxides including compact AZO layers [28, 29] and solution-processed
ZnO nanocrystals [30].
In table I, the resistivity values calculated considering the column under the tip contact
and 75% of the measured current are reported. Cross-plane resistivity for the different
deposition conditions appears to be larger than that measured along the in-plane direction,
although in good agreement (same order of magnitude). This could be ascribed to the
above mentioned more compact morphology at the film-substrate interface, considering that
current is injected from contacts below the film in the case of in-plane measurements.
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O2 partial pressure 6% 10% 100%
ρ (Ω cm) 50 240 3 · 106
Current flow area (µm2) 24 30 22
TABLE I: Estimated cross-plane resistivity of hierarchical AZO layers grown in different Ar:O2
atmospheres.
IV. CONCLUSIONS
Hierarchically assembled forest-like AZO layers were grown by PLD at room temperature
in a background atmosphere at a constant total pressure of 110 Pa and for different Ar:O2
mixtures, in order to investigate the effects of stoichiometry/oxygen content in AZO while
maintaining a mesoporous morphology, which is interesting in view of applications requiring
transparent electrodes with strong light scattering and large surface area. The hierarchical
nature of AZO emerged at higher O2 deposition pressures, and a moderately preferential
growth direction along the vertical axis was found. The effects of O content on optical
properties were investigated, identifying a significant decrease of the optical attenuation co-
efficient upon saturation of O vacancies, and very large haze values (i.e. light scattering
power). Electrical properties were probed both in the in-plane and in the cross-plane di-
rection, finding significant correlation with oxygen content in both cases, and conducting
nanoporous layers can be realized by deposition in an oxygen-poor atmosphere. In view
of the possible implementation of the tree-like architecture as a photoanode in
solar devices, we could assess that the optimal combination of optical and elec-
trical properties is represented by an oxygen-containing deposition atmosphere
with oxygen content up to about 10%. In perspective, a full understanding of the
structure/property relation, and in particular of the different roles of morphology and defect
chemistry, would be important for optimization of functional properties, opening the way
for application in advanced device architectures.
This approach can allow to obtain large surface area nano- and mesoporous transparent
scattering layers, with improved conductivity, of potential interest for transparent electrodes
and photoanodes in organic and hybrid photovoltaic devices.
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